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Functional Organization of Adult Motor Cortex
Is Dependent upon Continued Protein Synthesis
Teskey et al., 2002), and differential experience (Nudo
et al., 1996b; Kleim et al., 1998, 2002; Classen et al.,
1999; Remple et al., 2001) may represent the augmen-
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The inherent capacity for reorganization suggests thatand Karim Nader2
1Canadian Centre for Behavioural Neuroscience the neural circuitry supporting cortical movement repre-
sentations is intrinsically plastic. Indeed, changes inDepartment of Psychology and Neuroscience
University of Lethbridge synapse number (Kleim et al., 2002) and synaptic
strength (Teskey et al., 2002) have been demonstrated4401 University Drive
Lethbridge, Alberta T1K 3M4 within motor cortex in association with changes in move-
ment representations. If the motor map is in a constant2 Department of Psychology
McGill University state of microflux, then the neural mechanisms mediat-
ing changes in cortical connectivity must be, at some1205 Dr. Penfield Avenue
Montreal, Quebec H3A 1B1 level, continuously engaged. Although the specific cellu-
lar mechanisms underlying synaptic plasticity have yetCanada
to be fully characterized, the synthesis of new proteins
is one critical component. Inhibition of protein synthesis
has been shown to disrupt synaptic plasticity in severalSummary
different systems (Stanton and Sarvey, 1984; Montarolo
et al., 1986; Martin et al., 1997; Tang and Schuman,The functional organization of adult cerebral cortex
is characterized by the presence of highly ordered 2002). We hypothesize that the synaptic network re-
quired to maintain the functional organization of adultsensory and motor maps. Despite their archetypical
organization, the maps maintain the capacity to rapidly motor cortex is highly dynamic and dependent upon
continued protein synthesis. To this end, we testedreorganize, suggesting that the neural circuitry under-
lying cortical representations is inherently plastic. whether the organization of forelimb movement repre-
sentations within rat motor cortex would be sensitive toHere we show that the circuitry supporting motor
maps is dependent upon continued protein synthesis. local, acute disruption of protein synthesis.
Injections of two different protein synthesis inhibitors
into adult rat forelimb motor cortex caused an immedi- Results
ate and enduring loss of movement representations.
The disappearance of the motor map was accompa- Protein Synthesis Inhibition Causes a Loss
nied by a significant reduction in synapse number, of Movement Representations
synapse size, and cortical field potentials and caused The topography of movement representations within rat
skilled forelimb movement impairments. Further, mo- forelimb motor cortex was examined using intracortical
tor skill training led to a reappearance of movement microstimulation (ICMS). Immediately following the first
representations. We propose that the circuitry of adult mapping session (Map 1), either anisomycin, cyclohexi-
motor cortex is perpetually labile and requires contin- mide, or vehicle was injected into cortical layer V at the
ued protein synthesis in order to maintain its func- approximate center of each motor map (Figure 1). To
tional organization. control for the possibility that protein synthesis inhibi-
tion might cause changes in motor map area by decreas-
Introduction ing neural activity, a second set of animals received a
similar injection of the potassium/sodium channel
The capacity for functional reorganization of cerebral blocker bupivacaine (Schroeder et al., 2002). All animals
cortex is not limited to development and can be demon- were remapped within 20 min of the initial injection (Map
strated in the mature brain. The redistribution of sensory 2) and again 4 days later (Map 3). An analysis of variance
and motor representations within adult cerebral cortex (ANOVA) with time and condition as factors showed a
has been demonstrated in response to a variety of ex- significant time condition interaction [F(3,31) 12.63,
perimental manipulations (Buonomano and Merzenich, p  0.001]. Subsequent multiple comparisons showed
1998; Rauschecker, 2002). Furthermore, reorganization that, in comparison to Map 1, the anisomycin-, cyclohex-
appears to be an ongoing process. Within motor cortex, imide-, and bupivacaine-injected animals had a signifi-
the topography of movement representations can be cantly smaller total area of forelimb responses at Map
observed to change over time in the absence of any 2 (*Fisher’s LSD; p  0.05). No such loss was observed
overt manipulation (Nudo et al., 1996a, 1996b; P.M.V. in vehicle-injected animals (Figure 2). Further, while
and J.A.K., 2001, Soc. Neurosci., abstract). Thus, the bupivacaine returned to control levels at Map 3, both
large-scale reorganization of movement representations anisomycin and cycloheximide animals had significantly
induced via pharmacological agents (Jacobs and Do- smaller motor maps at Map 3 (Figure 2). Therefore, the
noghue, 1991), electrical stimulation (Nudo et al., 1990; disruption of neural activity via bupivacaine was suffi-
cient to transiently disrupt the motor map but did not
lead to any enduring loss of forelimb representations.*Correspondence: jeffrey.kleim@uleth.ca
Neuron
168
Figure 2. Area of Forelimb Movement Representations
The mean total area of forelimb representations (SEM) across
each of the three maps for the vehicle (n  4), anisomycin (n  6),
cycloheximide (n  6), and bupivacaine (n  4) injected animals.
The anisomycin-, cycloheximide-, and bupivacaine-injected animals
showed a significantly lower total area of forelimb representations
at Map 2 (*Fisher’s LSD; p  0.05). Only the anisomycin and cyclo-
heximide animals had significantly smaller maps at Map 3 (*Fisher’s
LSD; p  0.05).
Figure 1. Topography of Movement Representations within Rat
Forelimb Motor Cortex
apses/neuron in anisomycin animals [t(9)  3.86; p Representative maps from animals in vehicle ([A]; n 4), anisomycin
([B]; n  6), cycloheximide ([C]; n  6), and bupivacaine ([D]; n  0.05; Figure 5C]. Furthermore, anisomycin-injected ani-
4) injected conditions. Distal representations are shown in green, mals had significantly smaller postsynaptic densities
proximal in blue, vibrissae in purple, head/neck in yellow, and nonre- than vehicle-injected animals [t(9) 2.81; p 0.05; Fig-
sponses in gray. Injections were made into layer V (1500 m,
ure 6A]. The reduction in synapse number and size re-D.V.) at the approximate center of the map (black circle represents
sulted in a significantly reduced amount of total postsyn-location of the injection site). Bregma is shown in red.
aptic space per neuron in the anisomycin animals [t(9)
3.69; p  0.05; Figure 6B].
However, inhibition of protein synthesis was sufficient
to cause a long-term disruption of the motor map. Anisomycin Does Not Alter Nuclear Diameter
of Layer V Pyramidal CellsTo examine the level of protein synthesis after injec-
tion of anisomycin or vehicle, [35S]methionine incorpora- In order to further examine the effects of transient pro-
tein synthesis on neuron morphology within motor cor-tion was assessed 20 min and 4 days postinjection.
Results showed protein synthesis to be reduced by 54% tex, the diameter of pyramidal cell nuclei was measured
4 days after anisomycin or vehicle injection. A reductionin comparison to controls after 20 min and increased
by 21% after 4 days (Figure 3). Thus, despite the fact in nuclear size has been associated with neuronal atro-
phy and dysfunction (Loftus et al., 2000; Liu et al., 2002).that protein synthesis levels were restored after 4 days,
motor map area was still significantly reduced in the A Student’s t test showed that mean nuclear diameter
did not significantly differ between anisomycin (10.0 anisomycin-injected animals. This demonstrates that
transient inhibition of protein synthesis is sufficient to 1.4 m) and vehicle (10.7  0.9 m) injected animals
[t(15)  1.21; p  0.05].induce an enduring loss of cortical movement represen-
tations.
Loss of Movement Representations Causes
Skilled Movement ImpairmentsLoss of Motor Map Is Associated with a Decrease
in Synapse Number and Size The behavioral consequences of motor map loss and
reduction in synaptic connectivity was subsequently ex-To examine the effects of protein synthesis on cortical
connectivity, electron microscopy and unbiased stereol- amined. Adult rats were trained for approximately 14
days on a skilled reaching task (Whishaw and Pellis,ogy were used to estimate both the number of synapses
per neuron and synapse size within motor cortex 4 days 1990) to establish a baseline level of forelimb motor
ability. ICMS was used to derive motor maps of theafter either anisomycin or vehicle injection (Figure 4). No
significant differences in neuron density were observed caudal forelimb area (Map 1). The animals were allowed
to recover for 1 week before half of the animals receivedbetween the anisomycin- and vehicle-injected animals
[t(9)  0.86; p  0.05; Figure 5A]. However, anisomycin a single training session on the same skilled reaching
task to assess any residual deficits from the mappinganimals did have a significantly lower synapse density
than vehicle animals [t(9)  4.06; p  0.05; Figure 5B], procedure. Immediately after the training session, all
animals received injections of anisomycin or vehicle intoresulting in a significant reduction in the number of syn-
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that was specific to the injected hemisphere (Figure 7B).
The area of the maps from the noninjected hemisphere
did not differ from vehicle-injected animals which also
did not show any significant decrease in area. This fur-
ther demonstrates that the loss of movement represen-
tation is not due to a generalized depression of the motor
system resulting from the experimental manipulations.
Anisomycin Decreases Evoked Field Potentials
In Motor Cortex
In order to examine potential physiological mechanisms
underlying the anisomycin-induced loss of the motor
maps, evoked field potentials were recorded within theFigure 3. Inhibition of Protein Synthesis
motor cortex of both anisomycin and vehicle animalsProtein synthesis inhibition as assessed via [35S]methionine incorpo-
ration within motor cortex 20 min and 4 days after local injection of both 20 min and 4 days after injection. A repeated-
anisomycin. Percent inhibition was expressed as [1 (sample/mean measures ANOVA showed a significant condition time
vehicle)]  100. Anisomycin-injected animals showed a 54% inhibi- interaction on evoked potential threshold [F(4,8) 17.1;
tion at 20 min and 21% after 4 days.
p  0.05] and amplitude [F(4,8) 5.2; p  0.05]. Subse-
quent multiple comparisons (Fisher’s PLSD; p  0.05)
showed that anisomycin-injected animals had signifi-regions of the motor map as defined by Map 1. The
cantly higher evoked potential thresholds (Figure 8A)animals were allowed to recover for 2–3 days before
and smaller amplitudes (Figure 8B) than vehicle-injectedbeing given a probe trial on the reaching task to assess
animals, both 20 min and 4 days after injection.reaching ability. The motor cortex was subsequently
remapped the following day (Map 2). In all anisomycin
animals, both the injected and noninjected hemispheres Anisomycin-Induced Motor Map Loss Is Reversed
with Motor Trainingwere mapped at Map 2 in order to ensure that the ab-
sence of movement representations in the injected A final experiment was conducted in order to test the
hypothesis that motor training could reinstate the motorhemisphere was not due to nonspecific technical con-
founds. A repeated-measures ANOVA revealed a signifi- map after anisomycin administration. ICMS was used
to derive maps of forelimb representations contralateralcant day  condition interaction on reaching accuracy
[F(3,45) 3.35, p 0.05]. All animals showed a progres- to the preferred paw of 27 rats (Map 1). Animals then
received intracerebral injections of either anisomycin orsive increase in reaching accuracy after training without
a loss of performance after Map 1 (Figure 7A). However, vehicle and immediately remapped (Map 2). Half of the
animals in each group were then trained on the skilledanisomycin-injected animals exhibited a significant re-
duction in reaching accuracy during the probe trial, while reaching task for 12 consecutive days, during which
time reaching accuracy was assessed daily. The dayvehicle-injected animals showed no such impairment
(Fisher’s PLSD; p  0.05). after the last training session, all rats were again mapped
(Map 3).A similar analysis on map area also revealed a signifi-
cant time  condition interaction [F(1,15)  29.74; p  No gross motor impairments were noticed in either
vehicle- or anisomycin-injected animals prior to training.0.001]. Subsequent multiple comparisons (Fisher’s
PLSD, p  0.05) showed that the anisomycin animals Animals were capable of supporting their body weight,
walking, and eating. Although animals in both conditionshad a significant reduction in motor map area at Map 2
Figure 4. Synaptic Morphology within Motor
Cortex after Protein Synthesis Inhibition
Low-magnification (14,000) representative
electron micrographs taken within layer V of
motor cortex from anisomycin (A) and vehicle
(B) injected animals. Synapses (arrows) were
identified by the presence of a postsynaptic
density and at least three vesicles in the pre-
synaptic element. High-magnification (26,000)
representative electron micrographs of indi-
vidual synapses from both anisomycin (C)
and vehicle (D) injected animals. Synapse
size was estimated by measuring postsynap-
tic density (indicated by red line) length.
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Figure 5. Synapse and Neuron Number
within Motor Cortex after Protein Synthesis
Inhibition
(A) Neuron density (SEM), (B) synapse den-
sity (SEM), and (C) number of synapses/
neuron (SEM) within layer V of motor cortex.
No significant differences were found be-
tween conditions for neuron density (A), but
anisomycin-injected animals had signifi-
cantly reduced synapse densities in comparison to vehicle-injected animals (B) [t(4)  11.3; p  0.05]. This resulted in a significantly lower
number of synapses/neuron in the anisomycin-injected animals (C) [t(4)  10.4; p  0.05].
could perform the reaching task, a repeated-measures representations, even in the absence of any experimen-
tal manipulation, is dependent upon continued proteinANOVA showed a significant condition day interaction
synthesis. Furthermore, the loss of the motor map isin reaching accuracy [F(11,143) 2.40; p 0.05]. Train-
reflected anatomically as a decrease in synapse numbering significantly increased reaching accuracy in both
and size and behaviorally as impairments in skilledthe anisomycin- and vehicle-injected animals (Figure
movement. The results demonstrate that the functional9A). Anisomycin animals, however, had significantly
organization of adult motor cortex is dependent uponlower reaching accuracies than vehicle animals on days
ongoing molecular events that include the synthesis oftwo, three, and four (Fisher’s PLSD; p 0.05), but these
new proteins.differences disappeared with training. Further, a signifi-
cant condition  day interaction was found for the
Loss of Motor Maps Is Not Due to Generalnumber of reaching attempts made during training
Neuronal Dysfunction[F(11,143)  2.54; p  0.05]. Anisomycin animals made
The fact that protein synthesis inhibitors but not bupiva-significantly fewer reaching attempts than vehicle ani-
caine caused long-term loss of the motor map demon-mals on days one through six (Fisher’s PLSD; p 0.05),
strates that the enduring loss was not the result of tem-but these differences disappeared with training (Fig-
porary neuronal dysfunction. Furthermore, given thature 9B).
two protein synthesis inhibitors produced the same defi-A repeated-measures ANOVA showed a significant
cit argues that their common ability to inhibit proteincondition  training  map interaction [F(2,46)  3.64;
synthesis was causal to the motor map loss. In turn, itp 0.05] on motor map area. Subsequent multiple com-
is unlikely that the inhibition of these proteins causedparisons (Fisher’s LSD; p  0.05) revealed anisomycin
general neuronal dysfunction, because these proteinanimals to have a significantly smaller motor map than
synthesis inhibitors at these doses and volumes do notvehicle-injected animals at Map 2 (Figure 10). At Map 3,
cause any dysfunction in other brain areas (Schafe and
anisomycin-untrained animals had significantly smaller
LeDoux, 2000; Berman and Dudai, 2001). If the tempo-
maps than animals in all three other conditions. Aniso- rary inhibition of protein synthesis was causing general
mycin-trained animals were only significantly smaller neuronal dysfunction specific to motor cortex neurons,
than the vehicle-trained animals, demonstrating that then this dysfunction should have been overcome after
motor training can reinstate the cortical movement rep- a few hours when the neurons could once again produce
resentations lost following protein synthesis inhibition proteins, and Map 3 (4 days later) should have been
(Figure 10). normal. Although anisomycin injections did result in a
loss of synapses, they did not affect the size of pyramidal
Discussion cell nuclei, indicating that these neurons were not com-
promised. Thus, the most parsimonious interpretation
The instability of cortical movement representations was of these findings is that the adult motor map requires
recognized almost a century ago (Brown and Sherring- constitutive protein synthesis in order to be maintained.
ton, 1912) and has since been demonstrated to be an
important neural process underlying motor learning How Does Protein Synthesis Inhibition Disrupt
(Classen et al., 1999; Kleim et al., 2002) and recovery of Motor Maps?
function (Nudo et al., 1996a; Friel et al., 2000). The pres- ICMS evokes movement via direct (Stoney et al., 1968)
and indirect (Jankowska et al., 1975) activation of pyra-ent results demonstrate that the integrity of movement
Figure 6. Postsynaptic Density Length after
Protein Synthesis Inhibition
(A) Mean postsynaptic density (PSD) length
(SEM) in anisomycin- and vehicle-injected
animals. Anisomycin animals had signifi-
cantly reduced PSD length in comparison to
vehicle-injected animals (*p  0.05).
(B) Total length of postsynaptic space per
neuron. Anisomycin-injected animals had a
significantly reduced amount of postsynaptic
space in comparison to vehicle-injected ani-
mals (*p  0.05).
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Figure 7. Performance on Skilled Reaching
Task
Reaching accuracy before training (Pre), prior
to Map 1, at the time of injection (Inject), and
just prior to Map 2. (A) Anisomycin-injected
animals (n  9) showed a significantly lower
reaching accuracy than vehicle-injected ani-
mals (n  8) at Map 2 (*Fisher’s LSD; p 
0.05). Map 2 of the injected hemisphere of
anisomycin animals was significantly smaller
than Map 1 (*Fisher’s LSD; p 0.05). (B) Map
2 of the injected hemisphere was also signifi-
cantly smaller than the noninjected hemi-
sphere (*Tukey’s HSD; p  0.05). No signifi-
cant difference between Map 1 and Map 2
were found in the vehicle-injected animals
(*Fisher’s LSD; p  0.05). All data points rep-
resent mean  SEM.
midal tract neurons. In fact, the majority of pyramidal of motor map area that occurs within minutes and lasts
for days. Thus, the loss of the maps may be due totract neurons that drive movement are trans-synapti-
cally activated (Cheney and Fetz, 1985; Lemon et al., either an impairment in synaptic enhancement and/or a
generalized synaptic weakening of intracortical connec-1987). In addition, the output volley produced by ICMS
increases with each successive pulse (Jankowska et tivity. Indeed, the observed reduction in evoked field
potentials is consistent with synaptic weakening. Be-al., 1975), suggesting that pyramidal tract neurons are
added through synaptic facilitation. Given that the ma- cause the current spread generated by ICMS is limited
(Phillips, 1981), there is a finite number of neurons thatjority of inputs onto pyramidal tract neurons are derived
locally (Gatter et al., 1978; Ghosh et al., 1988), the spread can be activated. If the synapses onto those neurons
are weakened, then the stimulation will not sufficientlyof excitation is also likely limited (Phillips, 1981). There-
fore, the spatial characteristics of motor maps are de- activate those neurons and no movement will be evoked.
A second possibility is that protein synthesis inhibitionpendent upon the spread of synaptic recruitment across
localized groups of pyramidal tract neurons. At individ- impairs the ability to recruit pyramidal tract neurons via
synaptic facilitation. Indeed, anisomycin administrationual stimulation sites, movement thresholds are often
observed to decrease with continued stimulation. That 15 min prior to tetanic stimulation can prevent induction
of synaptic potentiation in hippocampus in vivo (Barea-is, movements initially appear at stimulating currents
higher than the eventual threshold (J.A.K., unpublished Rodriguez et al., 2000). Therefore, we propose that inhi-
bition of protein synthesis leads to synaptic dysfunctiondata). Furthermore, motor map area has been shown
to increase in response to manipulations that enhance that impairs the ability to sufficiently recruit localized
groups of pyramidal tract neurons in order to producesynaptic strength. For example, cortical kindling (Teskey
et al., 2002) and induction of long-term potentiation movement.
(M.H.M., 2003, Soc. Neurosci., abstract) dramatically in-
crease motor map area. Thus, synaptic potentiation may Which Synaptic Proteins Are Involved?
Given the rapid loss of the maps, the critical proteinsbe critical to the process of eliciting movement through
microstimulation. required for maintaining this circuitry are likely to be both
synaptically translated and have high turnover rates.ICMS-derived maps are therefore produced via the
local activation of specific groups of pyramidal tract Indeed, the machinery for protein synthesis exists within
dendrites (Tang and Schuman, 2002) and does not re-neurons that is dependent upon both the pattern of
intracortical connectivity and synaptic recruitment. Here quire the cell soma (Schacher and Wu, 2002). Several
synaptically localized proteins have been identified andwe show that protein synthesis inhibition causes a loss
Figure 8. Evoked Field Potentials within Mo-
tor Cortex after Protein Synthesis Inhibition
Threshold to evoke a neocortical field poten-
tial. (A) The threshold (A) to evoke a neo-
cortical field potential increased following in-
tracortical injection of anisomycin. ACSF
injections, however, did not affect the thresh-
old to evoke a response (*Fisher’s LSD; p 
0.05). Neocortical evoked potential amplitude
prior to and after intracortical injection of
ACSF or anisomycin. (B) Animals that re-
ceived anisomycin injections (n  3) dis-
played a decrease in the amplitude of the
early EPSP component of the neocortical
evoked potential 20 min and 4 days following injection relative to baseline (*Fisher’s LSD; p  0.05). Animals that received ACSF (n  3) did
not display any differences in EPSP amplitude.
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Figure 9. Performance on Skilled Reaching
Task
Percentage of successful reaches (SEM) (A)
and total number of reach attempts (SEM)
(B) of anisomycin (n  6) and vehicle (n  8)
injected animals. Animals in both conditions
showed a significant increase in reaching ac-
curacy with training. Anisomycin-injected an-
imals had significantly lower reaching accu-
racies than vehicle-injected animals on days
two, three, and four of training (*Fisher’s LSD;
p  0.05). With further training, no significant
differences between conditions was found.
Anisomycin-injected animals also performed
significantly fewer reaching attempts than ve-
hicle-injected animals on the first seven days
of training (*Fisher’s LSD; p  0.05).
linked to changes in synaptic function (Martin et al., amplitudes and map area was also observed 20 min
after injection. Whether these changes are due to a re-2000; Steward and Schuman, 2001). Constitutive turn-
over of both synaptic proteins (Okabe et al., 1999; Ehlers, duction in synapse number is unknown. Repeated in
vivo imaging of dendritic spines within developing cere-2003) and synapses themselves (Trachtenberg et al.,
2002) have been observed. Putative proteins involved bral cortex has demonstrated that synapses can be
formed and lost on the order of minutes (Lendvai etin this process may include neurotrophic factors such as
BDNF that have been implicated in controlling dendritic al., 2000). Furthermore, synapses are constantly being
turned over within adult cortex, and the rate of turnovermorphology (McAllister et al., 1996; Tolwani et al., 2002)
and cortical map plasticity (Rocamora et al., 1996; can be increased experimentally (Trachtenberg et al.,
2002). Thus, it is possible that the inhibition of proteinHuang et al., 1999). The application of protein synthesis
inhibitors may disrupt this dynamic process and in turn synthesis could alter synapse turnover by preventing
the formation of new synapses. This would result indegrade the cortical circuitry required to elicit micro-
stimulation-evoked movements in motor cortex. a progressive, net decrease in total synapse number.
However, only a small proportion of synapses appear
to be rapidly turned over (Trachtenberg et al., 2002).Do Different Mechanisms Underly Short- versus
Long-Term Map Loss? It is therefore unlikely that synapse number would be
sufficiently depleted within 20 min so as to completelyThe finding that synapse number and size are signifi-
cantly reduced 4 days after anisomycin injection is con- disrupt motor maps. Alternatively, protein synthesis inhi-
bition might weaken existing synaptic connections bysistent with both the reduced field potentials and loss
of motor map area. A similar pattern of reduced EPSP decreasing levels of postsynaptic density (PSD) pro-
teins. Specific subpopulations of PSD proteins are rap-
idly turned over, and this turnover is sensitive to synaptic
activity (Ehlers, 2003). Twenty minutes of protein synthe-
sis inhibition may sufficiently deplete PSD protein com-
position so as to disrupt the cortical circuitry required
to support the motor map. Synapse loss and weakening
may not be mutually exclusive mechanisms. Short-term
synaptic weakening and the concomitant decreases in
neural activity could result in enduring synaptic atrophy
(Riccio and Matthews, 1985).
How Can Motor Experience Restore Motor Maps?
Despite the profound anatomical and physiological dis-
ruption of motor cortex, several days of motor skill train-
ing restores the motor maps. Such training has been
Figure 10. Forelimb Movement Representations after Training
shown to enhance synaptic responses (Rioult-Pedotti
Mean area of forelimb movement representations (SEM) prior to et al., 1998), increase synapse number (Kleim et al.,
(Map 1) and after (Map 2) injection of either vehicle or anisomycin
2002), and motor map area (Conner et al., 2003) withinanimals. Anisomycin injections significantly reduced the map area
motor cortex. Thus, the motor experience may restoreat Map 2 (*Fisher’s LSD; p  0.05). At Map 3, anisomycin-injected
untrained animals (A-Untrained; n  6) had significantly smaller cortical connectivity such that microstimulation can
maps than vehicle-injected trained (V-Trained; n  8), vehicle- again evoke movement. A similar result has been ob-
injected untrained (V-Untrained; n  7), and anisomycin-injected served within periinfarct regions of motor cortex after
trained (A-Trained; n  6) animals. (**Fisher’s LSD; p  0.05.) The focal ischemia. Decreases in protein synthesis within
motor maps of anisomycin-injected trained animals were signifi-
periinfarct tissue (Keyvani et al., 2002a) are accompa-cantly larger than the anisomycin-injected untrained animals but
nied by a loss of movement representations (Nudo etsmaller than vehicle-injected trained animals (*Fisher’s LSD; p 
0.05). al., 1996a), a reduction in synapse number (C. Goertzen
Cortical Organization and Protein Synthesis
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Experimental Procedureset al., 2001, Soc. Neurosci., abstract), and movement
impairments (Nudo et al., 1996a; Friel et al., 2000). The
Subjectsperiinfarct movement representations, synapses, and
Adult male Long-Evans hooded rats (350–420 g) were group housed
motor abilities can all be restored with motor rehabilita- (four animals/cage) in standard laboratory cages on a 12:12 hr light
tion (Nudo et al., 1996a; Friel et al., 2000; C. Goertzen dark cycle in the Canadian Centre for Behavioral Neuroscience vi-
varium throughout the experiment.et al., 2001, Soc. Neurosci., abstract). It is hypothesized
that the neural activity associated with motor training
upregulates protein synthesis (Keyvani et al., 2002b) and Intracortical Microstimulation
guides the reestablishment of the neural circuitry that Animals were anesthetized with ketamine hydrochloride (70 mg/kg
i.p.) and xylazine (5 mg/kg i.p.), receiving supplemental ketamineis required to support movement representations in a
(20 mg/kg i.p.) and low levels of isolflurane (0.15%–0.25%). A crani-manner that passive activity does not.
otomy was performed over one hemisphere of the motor cortex. In
experiment 2, both hemispheres were opened. To prevent edema,
a small puncture was made in the cisterna magna prior to deflecting
What Do Motor Maps Contribute the dura. The exposed cortex was then covered in warm silicone
to Motor Behavior? oil (37C). A digital image of the cortical surface was taken, and a 375
m grid was superimposed onto the image. A glass microelectrodeAn intriguing result from this experiment is the finding
(controlled by a hydraulic microdrive) was used to make systematicthat protein synthesis inhibition can both abolish pre-
penetrations across the cortex using the cortical surface image andviously acquired motor skills (Figure 7) and transiently
grid as a guide. At each penetration site, the electrode was lowered
impair the acquisition of novel motor skill (Figure 9). to approximately 1550m (corresponding to cortical layer V). Stimu-
These findings have led to the hypothesis that motor lation consisted of thirteen, 200 s cathodal pulses delivered at 350
maps are a manifestation of changes in cortical circuitry Hz from an electrically isolated stimulation circuit. Animals were
maintained in a prone position with the limb consistently supported.that support motor skill learning. The ansomycin-
Sites where no movement was detected at	60A were recorded asinjected animals in the present study did not exhibit
unresponsive. Forelimb movements were classified as either distalgross impairments in motor behavior, such as the failure
(wrist/digit) or proximal (elbow/shoulder), and representational
to support body weight on the impaired limb or the maps were generated from the pattern of electrode penetrations.
inability to perform reaching movements. However, An image analysis program (CANVAS 3.5) was used to calculate the
when placed into a motorically challenging situation re- areal extent of the forelimb representations. Following mapping and
injection, the cortex was covered with a thin layer of gel film, andquiring the performance of skilled movement, the impair-
the cavity was filled with gel foam. The gel foam was then coveredments emerge. Animals that received anisomycin in-
with WAVE polymer and light cured with an intense UV light. Thejections followed by several days of reach training
wound was sutured, and the animal was allowed to recover.
performed fewer reaches and had significantly lower
reaching accuracies during the first several days of train-
Intracortical Injectionsing. As training progressed, however, they improved to
For all injections, a 30 gauge Hamilton syringe was lowered 1500
control levels and showed a significant increase in motor
m into the approximate center of the motor map and the injectate
map area compared to untrained anisomycin-injected infused over 1 min. After the full volume was injected, the syringe
animals. This demonstrates that the restoration of the was left in place for 3 min to allow for diffusion of the injectate. In
the first experiment, either 0.4 l of 100 g/l of anisomycin inmotor maps is predicated on experience rather than
ACSF, 1.0 l of 40 g/l of cycloheximide in 20% ethanol/ACSF, ortime. We hypothesize that the initial impairments repre-
1.0 l of vehicle (ACSF or 20% ethanol in ACSF) was injected. Thesent the phase during which the motor maps are being
animals were then immediately remapped. In all other experiments,
restored so as to support the subsequent acquisition of 1.0 l of 100 g/l of anisomycin in ACSF was injected. Bupivacaine
motor skill. was injected as above in a dose of 1 l of 0.75%. In experiment 2,
the animals were anesthetized with ketamine hydrochloride (70 mg/
kg i.p.) and xylazine (5 mg/kg i.p.), receiving supplemental ketamine
(20 mg/kg i.p.) and low levels of isoflurane (0.15%–0.25%). TheGeneral Implications
Waveflow skull cap, gel foam, and gel film were removed, exposingTo our knowledge, the present results are the first to
the cortex which was covered in warm silicone oil. The number of
demonstrate that cortical representations in adult ani- injections was determined by the size of the motor map. One injec-
mals can be disrupted by an acute molecular challenge. tion per 2 mm2 was given to ensure adequate diffusion of the in-
The loss of cortical representations is reflected anatomi- jectate across the map.
cally as a loss of synapses, physiologically as a decrease
in cortical field potentials, and behaviorally as motor Analysis of Protein Synthesis Inhibition
impairments. We propose that cortical instability is a Inhibition of protein synthesis was assessed by measuring
[35S]methionine incorporation 20 min and 4 days after injection ofconstitutive cortical process that is important for both
anisomycin (n  4) or vehicle (n  4). Two injections of [35S]methio-preserving basic cortical organization and mediating re-
nine were made approximately 2 mm apart within motor cortex. Eachorganization in response to various internal and external
injection consisted of 1 l of 15Ci/l [35S]methionine (Amersham)
pressures (Jacobs and Donoghue, 1991; Huntley, 1997; injected over 1 min and left in place for a further 3 min to allow for
Kleim et al., 2002). The identification of the specific pro- diffusion of the injectate. The motor cortex was extracted 30 min
teins involved has direct implications for understanding after the second injection. Tissue samples were weighed, and 1.5
ml of lysis buffer (1% SDS, 62 mM Tris.Cl pH 7.4, 62 mM imidazole,the cellular mechanisms mediating structural and func-
40 mM DTT, 10% glycerol) per 100 mg of tissue was added. Tissuetional adaptations that occur within cerebral cortex,
samples were homogenized and boiled for 5 min at 100C beforesuch as those associated with learning (Nudo et al.,
being centrifuged (15 min at 10,000 RPM). The supernatant was
1996b; Kleim et al., 1998), restoration of function (Hallet, removed and protein concentration determined with Bio-Rad pro-
2001), and treatment of various neuropathologies (Can- tein assay. Two micrograms of protein/sample were precipitated
with three times the volume of 20% trichloroacetic acid and scintilla-tello, 2002; Tamburin et al., 2002).
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tion were counts taken. Inhibition of protein synthesis was ex- M cacodylate buffer for 2 hr, and en bloc stained with 2% uranyl
acetate for 45 min. Samples were then dehydrated through a seriespressed as (1  (sample/mean vehicle))  100.
of alcohols before being transferred into propylene oxide and gradu-
ally embedded in Eponate resin. All tissue samples were coded withEvoked Potential Recordings
respect to treatment condition prior to stereological analysis.Animals were anesthetized with ketamine hydrochloride (70 mg/kg
i.p.) and xylazine (5 mg/kg i.p.), receiving supplemental injections
of ketamine (20 mg/kg i.p.) as needed. Twisted-wire bipolar re- Synapses/Neuron
cording and monopolar stimulating electrodes were constructed Approximately 80 serial 1 m sections were taken through samples
and implanted according to the methodology previously reported of motor cortex containing layer V. The physical disector (Sterio,
(Racine et al., 1994; Teskey et al., 2002). The two electrodes were 1984) was used to determine the density of neurons per unit volume
chronically implanted according to the stereotaxic coordinates of (Nvneur). The number of neuronal nuclei present in a Lookup section
Swanson (Swanson, 1992). The stimulating electrode was implanted but not in the Reference section (Q) were counted. The volume
1.0 mm anterior to bregma and 1.0 mm lateral to midline in layer V through which the nuclei were counted (Vdis) was determined by
of the motor cortex. The recording electrode was implanted 1.0 mm multiplying the area of the counting frame (111,337 m2) by the
anterior to bregma and 3.0 mm lateral to midline in the layer V of number of sections (each being 1 mm thick). Nvneur was then given
the motor cortex. Additionally, a reference electrode soldered to a by Q/Vdis. The density of synapses (Nvsyn) was obtained also using
jeweler screw and an additional ground screw were attached to the the physical disector from a series of approximately 20 serial silver
skull. The electrode assembly was cemented into place with dental gray (70 nm) sections taken through layer V of motor cortex. Serial
cement and dental acrylic. Electrophysiological monitoring was per- electron micrograph four-picture montages (22,000 print magnifi-
formed during the implantation in order to adjust the dorsal-ventral cation) were taken from the same position in each section. Synapses
placements to maximize evoked response amplitude. The upper were identified by the presence of a postsynaptic specialization and
pole of the electrodes was located in layer II/III, and the lower pole at least three vesicles in the presynaptic element. The number of
in deep layer V. Neocortical evoked potentials were recorded under synapses present in a Lookup section but not in the Reference
acute anesthesia according to the methodology previously reported section (Q) were counted. The volume through which the synapses
(Racine et al., 1994). In brief, input-output (I-O) measures were con- were counted (Vdis) was determined by multiplying the area of the
ducted prior to and 20 min and 24 hr after anisomycin or ACFS counting frame (72 m2) by the number of sections (each being 70
injection (see above). The injections (anisomycin, n 3; vehicle, n nm thick). Nvneur was then given by Q/Vdis. The number of synapses/
3) were performed 2.0 mm lateral to the midline at 0.0 mm and neuron was then given by (Nvneur)/(Nvsyn). All tissue samples were
2.0 mm anterior to bregma. The I-O measures were obtained by coded with respect to treatment condition and analyzed blind.
delivering pulses of increasing intensity to cortical layer V and re-
cording the resultant evoked potentials from the bipolar recording
Synapse Sizeneocortical electrode. The stimulation pulses consisted of biphasic
Electron micrographs (22,000) were digitally scanned, and syn-rectangular waves, 200 s in duration and separated by 200 s. Ten
apse size was examined using NIH image. In brief, synapse sizestimulation pulses were delivered at each of the following ascending
was measured by tracing the length of the PSD from approximatelyintensities: 50, 100, 200, 300, 400, 500, 600, and 700 A (at a fre-
50 synapses per animal. The mean length was then calculated forquency of 0.1 Hz). This type of recording was necessary to ensure
each animal from these 50 synapses. Total postsynaptic space perthat the evoked responses were stable and to identify whether the
neuron was calculated by multiplying the mean PSD length/synapsestimulation threshold to induce a response was constant pre- and
by the number of synapses/neuron. All micrographs were codedpostinjection. Stimulation voltages were computer triggered (Data-
with respect to treatment condition and analyzed blind.wave, Denver, CO), generated via a stimulator (Master 8), and con-
verted to amperage via a constant current and isolation unit (Isoflex,
AMPI). The recorded signals were filtered at half amplitude, below Diameter of Pyramidal Cell Nuclei
1 Hz and above 100 Hz, and then amplified 200 times (Grass, Model The diameter of the nucleus of 20 layer V pyramidal cells was mea-
P15; Filters: Neurolog System, Digitimer ltd). The analog signals sured from the 1 m Toluidine-stained sections used to estimate
were digitized at a sampling rate of five points/ms and the individual neuron density (above). Digital images (2000) were captured and
evoked potentials, at each intensity, were stored on a computer nuclear diameter measured using NIH image. The center of the
hard disk (Datawave, Denver, CO). nucleus was identified, and measurements were taken by extending
a line from one edge of the nuclear envelope to the other while
transecting the center. Five measures were taken and averaged perEvoked Potential Analysis
neuron and a total of 20 neurons per animal were measured. AllEvoked potentials obtained pre- and postinjection were measured
sections were coded with respect to treatment condition and ana-for change in the early EPSP amplitude. The early EPSP component
lyzed blind.was chosen for analysis because it displays reliable changes in
synaptic strength. It reflects a current sink in upper layer V and a
source in deep layer V (Chapman et al., 1998) and can be described Reach Training
as a short-latency monosynaptic (12–18 ms) surface-negative com- Animals were placed on a restricted diet until they reached 90% of
ponent that is associated with postsynaptic depolarization and their original body weight. A brief period of pretraining was then
strong multiunit activity (Chapman et al., 1998; Beiko and Cain, given to familiarize the rats with the reaching task. This involved
1998). The threshold at which an evoked response could be elicited placing them into test cages (10  18  10 cm) with floors con-
was noted and compared within each treatment group before and structed of 2 mm bars, 9 mm apart edge to edge. A 4 cm wide and
after injection. Evoked potentials obtained at mid-range stimulation 5 cm deep tray filled with food pellets (45 mg; Bioserv) was mounted
levels (600 A) were statistically analyzed. on the front of the cage. The rats were required to reach outside
the cage and retrieve pellets from the tray (Whishaw and Pellis,
1990). All rats remained in pretraining until they had successfullyTissue Preparation
Immediately following mapping, 2 l of Toluidine blue was injected retrieved ten pellets (approximately 1 hr/day for 2 days). After pre-
training, the rats were placed into a Plexiglass cage (11 cm  40into the medial and lateral boundaries of the CFA. Animals were
deeply anesthetized with pentobarbital (120 mg/Kg) and trans- cm  40 cm) with a 1 cm slot located at the front of the cage. They
were trained for 15 min each day to reach through the slot andcardially perfused with 2% paraformaldehyde/2.5% glutaraldehyde
in 0.1 M phosphate buffer. The mapped hemisphere was then coro- retrieve a single food pellet from a table outside the cage. Each
session was videotaped and later used to assess reaching perfor-nally sectioned (300m) on a vibratome. Samples of tissue (approxi-
mately 500 m wide) extending from pia to white matter were taken mance. All analysis was conducted with experimenters blind to treat-
ment condition. A successful reach was scored when the animalfrom the CFA as identified by the presence of the Toluidine blue
dye. The tissue blocks were then washed in 0.1 M cacodylate, post- grasped the food pellet, brought it into the cage and to its mouth
without dropping the pellet. The percentage of successful reachesfixed in 2% osmium tetroxide/1.5% potassium ferrocyanide in 0.1
Cortical Organization and Protein Synthesis
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[(number of successful retrievals/the total number of reaches)  Jacobs, K.M., and Donoghue, J.P. (1991). Reshaping the cortical
motor map by unmasking latent intracortical connections. Science100] was then calculated.
251, 944–947.
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